A detailed stereochemical analysis of the oppositely charged side chains of amino acid residues on the surface of calf eye lens protein gamma-crystallin B has been carried out. The refined structural data of very high quality obtained at 1.47 A resolution have been used. Charge-charge interactions were considered to be valuable for all the charged oxygen and nitrogen atoms situated at distances, d, between 2.4 and 7.0 A. This means we consider short contact ion pairs as those with interchange distances 2.4 < d ^s 4.0 A and distant contact ion pairs as those with distances 4.0 < d =£ 7.0 A. JHydrogen bonding of the charged atomic groups with the structural water molecules also has been considered. We have not looked at the side groups of histidines which are charged only partially at neutral pH. Five clusters of charged side chains which were large enough were observed. The clusters are comprised of four to six residues which compose 543% of the total charged residues in the protein. The clusters contain from eight to 12 charged atoms and look like the bent chains of oppositely charged atoms. All clusters are of plane geometry and their maximal linear dimensions are from 11 to 18 A. The root mean square deviations of charged atoms from the cluster plane varied from 0.63 to 0.86 A for four clusters and was only 1.85 A for the largest cluster. All clusters include a number of water molecules situated on the cluster boundary and grouped near the cluster plane. It was shown that the amino acid sequence positions of charged residues are conservative for all the proteins of the gamma-crystallin family of vertebrates including fish, frog, mouse, rat, calf and human. The cluster properties were discussed both in their functional aspect for gamma-crystallins and in other aspects common for globular proteins. As a result, the alternating charge clusters should be considered as newly recognized surface structural invariants. The importance of the charged side chain clusters is claimed for the updated concept of the protein surface. Keywords: charge cluster protein structure/eye lens proteins/ gamma-crystallin/protein surface
Introduction
The molecules of globular proteins are very polar. The majority of the 20 amino acid side chains contain polar groups and four of them are charged at neutral pH. On average, there are 25-30% charged residues in the total amount of the residues in the polypeptide chains of globular proteins. Almost all charged residues are situated at the surface of the protein molecule. In general, the charged and polar groups are responsible for the stability of the native protein due to the interaction with the water molecules and counterpart ions. The charged residues are directly involved in the recognition of different protein complexes, such as protein-substrate, protein-protein or protein-nucleic acid complexes. Thus, electrostatic Interactions of side chain groups are of great importance in understanding the protein structure, its stability and function. The exact evaluation of electrostatic interactions in protein molecules faces many problems (Thornton, 1982) and requires the use of complicated mathematical approaches (Hoist et ai, 1994) . Direct estimation of the energy contribution of charged residues and ion pairs in the protein stability give different values ranging, for example, from 0.2 to 1.3 kcal/mol (Daopin et ai, 1991; Sali et ai, 1991) . In general, we must bear in mind the importance of the local environment of the ion pair (Matthews, 1993) . This means we can consider a local charge-charge interaction as the one which initiates and completes many other interactions in the vicinity of the charged groups.
We can suggest that the specific distribution of the likely and oppositely charged side chains on the protein surface is of great interest. This particularly concerns the cluster of oppositely charged groups because the coupling of charges must result in their cooperativity. Accordingly, the triad Asp8-Argl 10-Aspl2 in the structure of bamase displays an increase in the strength of each of two ion pairs as compared with separated ion pairs in the mutant protein structures (Horovitz et ai, 1990 ). An extensive statistical analysis of the chargecharge distance distribution has been carried out for 38 protein structures (Barlow and Thornton, 1983) . It was shown, in particular, that 10 proteins contain from 10 to 17 short contact ion pairs. This suggests the presence of oppositely charged clusters at least in some of these proteins. The same authors later investigated the distribution of charged groups in the protein structures by calculating the surface charge density for the set of 32 proteins (Barlow and Thornton, 1986) . The wide variation in local surface charge density has been shown to be 0.5-25 charged groups per 100 A 2 in contrast to the narrow range of the total surface charge density which is approximately one to two charged groups per 100 A 2 . This fact testifies to both charge clustering and charge burial.
In our preliminary communication we found clusters of charged side chains in the calf eye lens protein gammacrystallin B (Nikonov and Chirgadze, 1989) . Only a few isolated charged residues were observed and all the remaining formed isolated ion pairs with a charge to charge distance, d, <4 A or charged clusters with a d <7 A. An analysis was done with data of 1.6 A resolution. It is interesting to note that the charge clusters appear to be plane. Later, a functional role and evolutionary conservatism of these clusters were considered (Chirgadze, 1992) . This explained partially the sequence homology of the whole gamma-crystallin family of vertebrates (Chirgadze et ai, 1987) .
In the present paper we have analysed extensively large oppositely charged clusters of calf eye lens gamma-crystallin B using higher quality data at 1.47 A resolution (Najmudin et al, 1993) . We have also taken into account water molecules available in the data set. Specific stereochemical and geometrical regularities of the charged clusters have been deduced. We suggest that charged clusters which were large enough could also be observed in other different proteins which would help to complete the description of specific properties of the surface of globular proteins.
Methods

Determination of oppositely charged clusters
Estimation of valuable contact distances between charged atoms. Ion pairs are distinguished by the distances between ions and, according to this, are divided by contact-or solventseparated ion pairs (IUPAC Commission on Physical Organic Chemistry, 1983; Reihardt, 1988) . In a protein structure, the charged atomic groups are located in the residues of lysine, arginine, aspartic acid, glutamic acid, histidine and the N-and C-termini. At neutral pH histidines are charged only partially and in this paper we do not consider these residues in detail although they could be involved in the charged clusters. For many important reasons they should be treated specially. In all other cases we assume that the local charges in the side chains are situated at the oxygen or nitrogen atoms. The tight ion pairs in proteins have been postulated to have interatomic distances =£4.0 A (Barlow and Thornton, 1983) . This corresponds approximately to the sum of van der Waals radii of these atoms-3.5 A. Thus, we will assign ion pairs with intercharge distances 2.4 < d =£ 4.0 A to the short contact ion pairs. In the case of longer intercharge distance we should consider them as distant ion pairs. The most valuable of the distant contact ion pairs are the pairs with intercharge distances from 4 to 7 A: in these pairs neither the water molecule nor another atomic group can be placed between the charged atoms. We assume that the interaction of oppositely charged atoms with distances between 2.4 and 7.0 A is the most valuable.
Thus, we will consider below, as an 'alternating charge cluster', a system of oppositely charged atoms of the amino acid side chains with distances 2.4 < d =£ 7.0 A.
A method for studying a charged cluster. 3-D data of calf eye lens gamma-crystallin II (gene product B) has been used for the charged cluster analysis. The data were of 1.47 A resolution and the list of atomic coordinates included coordinates of 1474 non-hydrogen protein atoms (173 residues) and 230 structural water molecules (Najmudin et al, 1993) . We estimated the mean value of the atomic coordinate accuracy to be equal to 0.17 A, as it was obtained from the mean value of the atomic displacement parameters equal to 0.20 A for all protein atoms (Najmudin et al., 1993) . However, the accuracy of some surface charged side chains appears to be somewhat higher, being ~0.20-0.27 A, which corresponds to the observed values of their atomic displacement parameters (Najmudin et al, 1993) .
The oppositely charged clusters have been searched from the protein structure using the CLUSTER program with charge to charge distances varying from 2.4 to 7.0 A. The charged group of the lysine residue or N-terminus is an amino group NH 3 + . Its positive charge is equal to +1.0 of a charge unit and we have placed it in the centre of the nitrogen atom of side or terminal chains. In the guanidinium group of the arginine residue there are two NH 2 + groups; they have positive 746 charges equal to +0.5 of a charge unit which have been placed on corresponding nitrogen atoms. In the residues of aspartic acid, glutamic acid and the C-terminus, each oxygen atom of the carboxylic group COO" has been assigned to the negative charge equal to -0.5 of a charge unit which has been placed on corresponding oxygen atoms. After using the CLUSTER program, the isolated single charged groups, ion pairs, ion triads and larger oppositely charged clusters were identified. At the same time charge to charge contact distance matrices for each cluster were obtained. In addition, water molecules with hydrogen bond distances =£3.2 A were detected and analysed. The geometric properties of the cluster were studied by using the AXES program which transforms a set of coordinates of charged atoms into the coordinate system with the principal axes. Then individual and total root mean square (r.m.s.) coordinate deviations along each axis were calculated. The procedure allows the analysis of the planarity of the set of charged atom and selection of the axis which is perpendicular to the plane of the cluster of charged atoms. The views of a protein and its charged cluster have been analysed using PC molecular graphics programs. The MAK program has been used for skeletal models and the OXFORD program for space filling atomic models.
The main feature of the cluster was the charge to charge distance distribution and the location of the bound structural water molecules. In the case where the charged atom is removed at a distance >7 A from any other oppositely charged atoms, we consider such an atom as isolated enough and the charge is called a local non-compensated charge. Such a situation could occur very often because some charged groups, for example carboxylic and guanidinium groups, consist of two likely charged atoms which results in the appearance of non-compensated charges in the cluster.
A specific feature of the protein side chain ion contacts. A specific feature of the protein side chain charged groups is that most of them consist of two charged atoms. This is not only the case for lysine and the N-terminal amino groups. Thus, we have faced different configurations of ion pairs depending on the mutual orientations. All possible approximate types of ion pairs are presented in Figure 1 . In the 'end-end' type for all ion pairs and 'end-side' type for the ion pairs between Asp, Glu and Lys and the N-terminus, the local charges are fully compensated. However, in all other cases we can see opened charged atoms with local uncompensated charges. Obviously, such a situation stimulates the formation of an alternate charged chain which can grow in two opposite directions. This seems to be the main reason for the existence of more or less expanded charged clusters on the protein surface.
Approximately 40% of the ion pairs within the proteins are of the arginine-carboxylic group (Barlow and Thornton, 1983) . The geometries of ion pairs of this kind have been considered (Singh et al, 1987) . Later the configuration of the arginineaspartic acid ion pair was analysed in detail (Mitchell et al, 1992) . It was shown that these contacts are realized in proteins in the two most preferred stereometrical configurations: the 'side on' type for the intramolecular interaction and the 'end on' type for the intermolecular interaction. The first one is presented in Figure 2 . We see two charge to charge distances between negative oxygen atoms and a positive NH2 group. In addition, two hydrogen bonds NH---0 are formed. Binding of a few water molecules or some other charged atomic groups is also explained in the picture. This suggests the presence of fixed water molecules in the close vicinity of ion clusters.
Results
General view
The distribution of charged side chain groups inside intercharge distances <7 A for the calf eye lens gamma-crystallin B is presented in Table I . Here, a neutral pH of the medium has been assumed and the N-and C-terminal charged groups and histidine residues have been included. There are a total of 51 charged groups and 99 charged atoms which are distributed in several classes of six isolated single ions, four isolated ion pairs, two ion triads and six large oppositely charged clusters. In all cases except isolated ion pairs, total positive or negative uncompensated charges were observed. For each of the large clusters we have given names which consist of two residue numbers with the lowest and highest ones. The amount of the residues in the oppositely charged clusters is equal to 31 of a total of 51, that is 60.8% (histidines included). However, in this paper we do not consider histidine side chains. After excluding histidines, the charged clusters change their constitution a little. Now we determine five large oppositely charged clusters with four to six charged residues (Table  II) . Here the charged clusters are listed in the order of the increase of their dimensions. As we can see, the N-and Cterminal charged groups are not situated in the area of large clusters. The amount of the charged residues in the clusters becomes equal to 25 of the total of 46, which is 54.3% (histidine excluded). The main result of this overview is that the large charged clusters in calf gamma-crystallin B includẽ 60% of the total charged residues. The location of the oppositely charged clusters on the protein surface can be seen in Figure 3 . Gamma-crystallin consists of two very similar domains and one could suggest a similarity in the charged clusters. However, we observed only one pair of similar clusters, named 2-61 and 89-128, located in the Island C-domains respectively. Thus, we can conclude that the similarity of the domain structures does not cause similarity of the oppositely charged clusters, in general. 
Description of the large charge cluster
Cluster 89-128. Two orthogonal views of the charged cluster of calf eye lens gamma-crystallin are shown in Figure 4 . There are four charged side chains of residues Arg89, Arg91, GlulO4 and Glu 128. The cluster forms a bent chain from eight alternate charged atoms. There is only one short ion contact of the sideend type between atom NH1 Arg89 and atoms OE1, OE2 Glu 104 with distances of 2.40 and 3.72 A. The other five contacts are distant, from 4.6 to ~6.8 A. Four water molecules are bound with the atoms of all the charged residues. However, from four to five additional vacant places for water can be postulated to exist, for example near atoms NH2 Arg89 and OE2 Glu 128. Such water molecules seem to be found at higher resolution than is available at the moment. It is important to note that practically every charged atom is related to its neighbours by a few valuable contacts. This suggests a rather high order of cooperativity. Table I . Oppositely charged clusters in calf eye lens gamma-crystallin B at neutral pH (histidine included)
Number
Cluster and its residues Number of charged residues Number of charged atoms Excess charge (charge unit) 4.
5.
6.
Cluster 84-128 His84, Arg89, Arg91, GlulO4, Glul28 Cluster 2-61 Lys2, Glul7, Arg36, Asp38, Asp61 Cluster 96-152
Asp96, Asp97, Arg99, Glul50, Argl52 Cluster 107-169 Aspl07, AsplO8, Argll5, Argl68, Argl69 Cluster 7-73 Glu7, Asp8, Arg9, Hisl4, Arg31, Asp64, Asp73 Cluster 46-142 Glu46, Arg47, His53, Argl42 The excess charge of this cluster is equal to zero. However, there are a few local uncompensated charges. One, +0.5 charge unit, is located at atom NH1 Arg91. Another, -0.5 charge unit, is located at atom OE2 Glul28. All charged atoms are practically located in one plane as seen in Figure 4 . In addition, water molecules are also grouped near this plane. The r.m.s. deviation of the charged atoms from the plane is surprisingly very small, being 0.63 A. The maximal linear dimension of the cluster is 10.8 A, which means that the relative r.m.s. deviation is ~5.8% from the maximal cluster dimension. The atomic isotropic mean-square displacement parameters are close to the mean value of 0.45 A* of water oxygen atoms. However, they are higher than the mean value for all protein and water atoms of 0.24 A.
Cluster 2-61. This charged cluster is presented in Figure 5 . There are five charged residues Lys2, Glul7, Arg36, Arg38 and Asp61. We find two 'side on' type short contact ion pairs Lys2-Glul7 and Arg36-Asp61 which form three contact distances from 3.4 to 4.0 A. The four other distances between the oppositely charged atoms are from 4.2 to 6.9 A. Six water molecules are bound with all the residues except Arg36. The total excess charge of the cluster is equal to -1.0 charge unit. Possible local uncompensated charges are located at OD1 Asp61 and OD2 Asp38, each of -0.5 charge unit.
All the charged atoms and water molecules are situated very close to the plane of the cluster. The r.m.s. deviation of the charged atoms from the plane is equal to 0.76 A. The maximal linear dimension of the cluster is 15.7 A which gives a relative r.m.s. deviation of 4.9%.
Cluster 96-152. The charged atom distribution of this cluster is shown in Figure 6 . The cluster consists of five charged residues Asp96, Asp97, Arg99, Glul50 and Argl52, which include 10 charged atoms. Seven water molecules are bound to the bent charged chain of the cluster. The cluster contains four short ion contacts from 2.7 to 3.7 A (<4 A) and five distant contacts from 4.3 to 6.5 A (>4 A and <7 A). The ion pair Argl52-Glul50 is of the type close to the 'side on' configuration presented in Figure 1 . The charged atoms are aligned around the straight line for the chain of Glul50-Argl52-Asp97-Arg99 and the last pair Arg99-Asp96 is situated near the right angle. The total excess charge of this cluster is equal to -1.0 charge unit. The local uncompensated charges are suggested to be situated at the terminal atoms ODI Asp96 and OE2 Glul50, each of -0.5 charge unit. Both of them are fixed with the water molecules bound by hydrogen bonds.
The cluster is elongated and its maximal dimension is 15.6 A. However, all the charged atoms are very close to the plane: the r.m.s. deviation is 0.86 A with the maximal deviation being 1.60 A. This means the relative r.m.s. deviation is equal to 5.3% from the maximal cluster dimension. All charged atoms have rather low atomic displacement parameters ranging from 0.20 to 0.50 A 2 .
Cluster 107-169. This cluster consists of five charged residues AsplO7, AsplO8, Argll5, Argl68 and Argl69 and contains 10 charged atoms (Figure 7 ). Only four water molecules were observed upon X-ray structure determination. One can see two ion pairs with four contact distances from 2.4 to 3.8 A and the other seven contacts are from 4.2 to 6.7 A. There are also two distant contacts -8.0 A between Aspl08 and Argll5 which could be taken into account upon estimation of the electrostatic energy of the cluster. This cluster is not very compact and looks like a bent arc. The total excess charge of the cluster is equal to +1.0 charge unit. The local uncompensated charges are assumed to be situated at atoms NHl Argl69 and NH2 Argl68. The maximal linear dimension of the cluster is 15.3 A. All charged atoms are situated close to the cluster plane with an r.m.s. deviation of 0.77 A (maximum deviation 1.22 A). Thus, the relative r.m.s. deviation is 5.0%. Cluster 7-73. General views of the cluster in two projections are shown in Figure 8 . This is the largest observed cluster. It consists of six charged residues Glu7, Asp8, Arg9, Arg31, Asp64 and Asp73 and includes 12 charged atoms. A total of 13 water molecules are connected to the charged atoms of the cluster and are mainly arranged along the boundary of the cluster. The specific feature of this cluster is that the central part of the cluster area is occupied by the polar side chain group of Asn33 which forms a hydrogen bond with an oxygen atom of Asp73. Short ion contacts are only situated in the ion triad Asp8-Arg31-Glu7 where we observe a 'side on' ion pair Arg31-Asp8. This triad contains four contact distances <4 A between the charged atoms from 2.82 up to 3.81 A. The majority of the cluster contacts are distant, between 4 and 7 A. There are eight such charge to charge contacts from 4.8 to 7.1 A. The excess charge of the cluster is equal to -2.0 charge units. Four local uncompensated charges, -0.5 charge unit each, are situated at the external ends of the cluster area at atoms OE1 Glu7, ODI Asp8, ODI Asp64 and OD2 Asp73.
The space filling atomic model shows that the cluster is packed well enough (Figure 9 ). The maximal dimension of the cluster is 17.7 A. Charged atoms and water oxygens are situated close to the plane of the cluster. However, the r.m.s. deviation of the charged atoms from the cluster plane is 1.85 A and the relative r.m.s. deviation is 10.5%, which is approximately twice as high as that for the other clusters. The main reason is that this part of the N-domain structure of gamma-crystallin has larger convexity. The arc shape of the cluster is clearly seen in the in-plane projection of the skeletal model (Figure 8 ). The most removed from the plane atoms are OE1 Glu7 and ODI Asp64 with the maximal positive deviation and NH2 Arg9 with the maximal negative deviation. This means the charged atoms of the cluster are accommodated Large atomic displacement parameters were only found for the charged atoms of Arg9 and Asp64 which also have rather large contact distances both between each other and from the atoms of adjacent charged residues. These distances vary from 5.3 to 7.1 A.
Histidine residues. There are a total of five histidine residues in calf gamma-crystallin B (Table I) . One of them, His 117, is alone and all the rest form contacts with glutamic acid; the distances between the hydrogen and oxygen atoms vary from 2.2 to 6.0 A. We assume that this is, at least partially, an ion interaction. We have found histidines in three large charged clusters, 84-128, 7-73 and 46-142 (Table I) . In all cases the histidine side chain is disposed close to the cluster plane and located at the external end of the cluster area. In cluster 84-128 we have observed His84-Glul28 contact, where the negative local charge at OE2 Glul28 is compensated by the positive charge of histidine. In cluster 7-73, the histidine residue can be involved in the charged cluster since we have observed Hisl4-Glu7 contact with distances between the N and O atoms of 3.8-5.8 A. An excess charge of this cluster becomes lower at -1.0 charge unit after including histidine, but only -0.5 charge unit of the local charge at OE1 Glu7 will be compensated. Finally, ion pair Glu46-Arg47 will be involved in the large cluster 46-142 when we include His53. Thus, we conclude that histidine residues do not violate common stereochemical rules of forming large oppositely charged clusters on the protein surface.
Common properties of oppositely charged clusters
The stereochemical parameters and other statistics of the charged side chain clusters are given in Table III . They are the amount of charged residues, the amount of charged atoms, the maximal linear dimension, the r.m.s. deviation of charged atoms from the cluster plane, the amount of short (2.4-4.0 A) and distant (4.0-7.0 A) contact distances between charged atoms and the amount of fixed structural water molecules bound to the charged atoms by hydrogen bonds. We can assume that the ion cluster of five charged residues is the most frequently occurring.
There is a surprisingly small amount, from two to four, of short contacts between the charged atoms in the cluster of large size. This means that only one or two ion pairs are available in the commonly used sense of an ion pair with short contact distances of <4 A. In contrast to this, the distant contacts between the charged atoms are observed at least twice as often. Consequently, we have found an essential increase in the total charge to charge contacts with an increase in the cluster dimensions. For example, inside cluster 89-128 a total seven contact distances <7 A) were observed, but inside the largest cluster, cluster 7-73, 12 such distances are available.
Finally, we have found a rather large amount of structural water molecules. Water molecules are bound to the free part of the charged atoms by hydrogen bonding. We can suggest that in a real case, two water molecules are attached to free charged atoms as it follows from the electron configuration of the carboxylic and amino groups (Figure 2 ) and is observed in the large cluster, cluster 7-73 (Figure 8) . Although in other clusters we have not revealed similar regularities, one could explain this by a poor electron density map in this particular piece of the protein structure.
We can deduce some common stereochemical properties of the oppositely charged clusters observed in calf gammacrystallin B. (i) Charged clusters consist of four to six side chain groups and include from eight to 12 charged atoms. There is no atomic group or water molecule between the charged atoms, (ii) The cluster is formed from bent chains of alternating charges. All charged atoms are situated in the plane with a rather low value of the r.m.s. deviation from the plane. This plane composes the protein surface in this particular part of the structure. (iii) The charged cluster is surrounded by water molecules which are mostly disposed along the cluster boundary and located close to the cluster plane. The water molecules are attached to charged atoms by hydrogen bonds.
Thus, we assume that the oppositely charged clusters observed in gamma-crystallin can be considered as the structural surface invariants of the protein molecule.
Conservatism of charged clusters in the family of gammacrystallins of vertebrates
It was shown earlier that gamma-crystallins of vertebrates display sequence homology and this results in the similarity of their molecular structure (Chirgadze etal., 1987) . At present, amino acid sequences are known for 25 vertebrate gammacrystallins: carp (Chang et ai, 1988) (class of fishes), frog (Tomarev et al., 1984) (class of amphibians) and mouse (Breitman et ai, 1984) , rat (den Dunnen et al, 1986) , calf (Bhat and Spector, 1984; Hay et al, 1994) and human (Meakin etal, 1985) (class of mammals). On average, all the mentioned 
: sequences are ~60% homologous. For this estimate, we have used the criterion of coincidence as 92%, i.e. amino acid positions in 23 of the total of 25 sequences are identical. The absolute homology in the family is much lower, reaching ~21%.
The amino acid composition of charged clusters in vertebrate gamma-crystallins is presented in Table IV . For some residue positions we can see 100% homology, i.e. these residues are identical in all sequences. The large cluster, cluster 7-73, is the most conservative, its homology being 98.3%. On average, the charged residues of the cluster are 88% homologous. Usually charged residues are replaced by similar ones without changing the sign, for example Asp by Glu or Arg by Lys. In these cases the charge distribution inside the clusters is retained and such a 'soft' replacement results in ~100% of the 'soft' homology for all large clusters (Chirgadze, 1992) . Thus, taking into account the above-mentioned lower value of the whole sequence homology, we can conclude that, in general, the amino acid positions in the charged clusters of gammacrystallins are conservative.
In rare cases we have observed an exceptional point mutation 752 that causes changes in the charge sign. The most prominent cases are the replacements Arg 115 by Glu 115 (cluster 107-169) of frog sequence Fl and Asp61 by Lys61 (cluster 2-61) of human sequene G5. However, these replacements are not fatal because the rest positions of the clusters appear to be retained. Other replacements, such as Met 150 (mouse M3), Gin 17 (calf gamma D), Asnl7 and Leull5 (human G5) do not change the charge distribution and size of the clusters seriously, since they are located at the edges of the charged clusters. However, this is not the case for some clusters in the proteins of distantly removed species of fish. These could be more essential and result in a decrease of the size of such a cluster which, in turn, could change the total hydrophilic potential of the protein surface.
Charged clusters of calf eye lens gamma-crystallins are weakly involved in the intermolecular contacts in the crystal medium
At present, the crystal structures of three calf gamma-crystallins are known. These proteins belong to fraction II (gene product B), Ulb (gene product D) and IYa (gene product E, possibly) and their X-ray structures have been determined at 1.5, 2.5 and 2.3 A resolution respectively (White et al, 1989; Chirgadze etai, 1991; Najmudin etai, 1993) . For calf gamma-crystallins II and Ulb a detailed study of crystal packing has been carried out (Sergeev et al, 1988) . From these papers we have learned that three gamma-crystallins have very different arrangements of crystal packing and intermolecular contacts respectively. The amount of ion contacts between the different molecules is not great. There is a limited number of intermolecular charge contacts which includes residues of the charged clusters. For gamma-crystallin II five charged side chains from the residues of the large charged clusters are involved in the intermolecular salt bridges. They form the following contacts (compare with Table IV) : Glul7-Argl40, Asp73-Argl47, Asp96-Argl69 and AsplO7-Argl53.
For gamma-crystallin IHb only one intermolecular salt bridge, Arg31-Aspl56, has been reported (Sergeev et al., 1988) .
Unfortunately, for gamma-crystallin IVa the intermolecular ion contacts were not assigned. We know only that Lys2, Asp8 and Glul7 possibly formed contacts with Asp8, Argl4 or Arg31 (White etai, 1989) .
We suggest that in all these molecules the large charged clusters remain very similar with minor alterations based on the data of Table IV . Taking into account all mentioned intermolecular salt bridges for the residues of charged clusters we can conclude that, in general, the oppositely charged clusters of calf eye lens gamma-crystallins are very weakly involved in intermolecular ion contacts. Therefore, in the crystal medium the external surfaces of the charged clusters are contacting mainly the water medium of the mother solution.
Discussion
Alternating charge clusters are important features of the protein surface of calf eye lens gamma-crystallins. Each cluster includes from four to six charged groups of protein side chains. For the whole molecule, the large clusters gather 25 of the total of 46 charged residues, i.e. 54.3%. The statistics of their stereochemical parameters are presented in Table III . One can note a large enough size of the clusters with an average maximal linear dimension of ~15 A, their planarity, large amount of contacts between oppositely charged atoms and a lot of structural water molecules situated at the boundary of the cluster.
Within the positional accuracy of the X-ray atomic coordinates for calf gamma-crystallin we have observed that no water molecule or any other protein side chain group, such as CH or CH, has been located within contact charge to charge distances at <7 A. Therefore, we conclude that an alternating charge cluster is a homogeneous hydrophilic region which consists solely of charged atoms of amino or carboxylic groups. Here, we have found side chains of Lys, Arg, Asp and Glu. For calf gamma-crystallin B, terminal charged N or C groups have not been found in the area of large clusters or even in other ion pairs (Table I) .
The large amount of charge to charge contact distances found inside the large charged clusters suggests their cooperativity as deduced from general theory. This is also confirmed by the experimental data on the stability of protein barnase containing the charged triad Asp8-ArgllO-Aspl2 (Horovitz et al, 1990) . The cooperativity of the alternate charge clusters appears to be strengthened due to a large amount of fixed water molecules situated along the surface boundary of the cluster regions.
The total charge density is calculated as the amount of total charged groups, including N-and C-charged groups, divided by the whole protein contact area (Barlow and Thornton, 1986) . For the calf eye lens gamma-crystallin B it is equal to 2.0 charged groups per 100 A 2 . This value is one of the largest in the set of 32 proteins which have total charge densities in the range of 0.65-2.08 charged groups per 100 A 2 (Barlow and Thornton, 1986) . However, we can strongly suggest that the local charge density in the area of charged clusters is much higher, although a correct estimate of the cluster surface and cluster local charge density, consequently, seems to require a special elaboration. The interaction of opposite charges in the cluster must result in an essential decrease of the 'hydrophilic potential' due to the shielding of charged atoms from the surrounding water environment by other adjacent charged atoms. Such reducing of water binding by ion pairs in gammacrystallin was first mentioned by Wistow et al. (1983) .
A large amount of charged clusters on the gamma-crystallin surface may strongly decrease its hydrophilic potential. This appears to have a direct relation to the ability of the protein in stabilizing its native structure in the condensed lens medium at rather high protein concentrations of up to 30-50%. Thus, the low hydrophilic potential of large charged clusters in gamma-crystallins could explain one of the main functions of this protein as a structural protein of the eye lens medium of vertebrates. This conclusion is in accordance with the observation that in three different calf gamma-crystallins, charged clusters are weakly involved in the intermolecular contacts at the crystal packing and they interact directly with the watersalt mother solution. Additional support for this idea comes from the evolutionary conservatism of charged residues involved in the charged clusters (see above). It can be noted that charged clusters appeared to be due to concerted evolution (Chirgadze et al, 1987) . The clusters appear not to be found in the ancient one-domain structure. In fact, clusters 2-61 and 89-128 or 7-73 and 96-152 occupy almost the same positions at the surfaces of the N and C domains. However, the corresponding residues and their charged groups are not in the topologically equivalent positions of the polypeptide chain or even in the symmetry equivalent positions at the protein surface (Chirgadze et al, 1989) .
In the present paper we have detected a number of large charged clusters in eye lens gamma-crystallin protein. The area of the clusters is charge homogeneous and hydrophilic. We suggest that charged clusters of a similar type can also be found in other proteins. In some cases the alternating charge chains on the protein surface could play the role of recognition sites. In fact, such a function has been assigned to the alternate charged sequence motif Lys-Glu-Lys-Glu (KEKE) which is presented in subunits of multicatalytic proteases and in a variety of chaperonins (Realini et ai, 1994) . This motif promotes the protein-protein association and is suggested to contribute to the selection of peptides presented by class I receptors encoded in the major histocompatibility complex.
We can present a general view of the 3-D structure of globular proteins as based on the continuous networks of hydrogen bonds of the polar side chains and structural water molecules. The active sites, ion sites and islands of non-polar regions are distributed within these networks (Peters and Peters, 1993) . We can apply this idea to develop the surface description of a globular protein. At present we should take into account newly recognized important surface structural invariants-charge clusters. The clusters occupy the parts of the protein surface which are large enough and are surrounded by structural water molecules along the boundaries. It should be mentioned that the surface parts of the charged clusters are plane. A simplified general view of the protein surface is presented in Figure 10 . The main features of the protein surface include a hydrophobic non-polar region, side chain charged clusters, structural water networks and water clusters. Single ions, ion pairs and short ion chains should also be mentioned.
Thus, the overall piebald effect with the regions of different functional colours is clearly expressed for the protein surface. The properties of local homogeneous regions and their distribution are of great importance in understanding both the stability of native or mutant protein structures and protein-protein associations.
